ABSTRACT
Introduction
In 2013, a consortium of 23 members, representing utility undertakers, contractors, bituminous material suppliers, and a compaction equipment supplier instigated a university lead research project on utility reinstatement in partnership with Liverpool John Moores University (LJMU). Membership of the consortium includes representation from the gas, water, electric and telecommunications sectors in the UK.
Coring (the taking of samples of asphalt materials) programmes of utility reinstatements initiated by Local Authorities have been identifying consistent failure in respect of air voids (AV) content in surface course material of footways when assessed against the requirement of the Specification for the Reinstatement of Openings in Highways (SROH) (Department for Transport, 2010) for air voids content compliance only. This is an issue which currently affects all National Joint Utility Group (NJUG) members, presenting a significant and growing challenge as more Local Authorities apply the SROH air voids content standard to utility reinstatements.
Initial research focussed on critical analysis of the available published Standards and previous reinstatements trial results in the UK and the findings resulted in the publication of a white paper in 2014. The key features of the white paper was accepted as a technical article in a peer reviewed international journal (Sadique et al., 2015) . This enabled the findings to be disseminated to a wider community, both in the UK and internationally. Among various findings, one significant outcomes of this initial research was;  The use of air voids content determination on single cores is so inaccurate as to make compliance largely a matter of chance, as a result of compounding errors in the measurement of bulk density and maximum density. The use of air voids content other than for design mixtures, does not comply with UK best practice as outlined in BS594987: 2010, due to the within mix variability for recipe mixtures and the use of hand laying as the principal method of installation. The use of a measured in-situ air voids content criteria in a Specification for Footway reinstatements cannot be sustained on technical grounds;
In order to further understand whether the current Air Voids criteria is consistently achievable as per the methodologies within the SROH and to understand if the current AV compliance criterion in the SROH is able to provide a reliable indication of structural resilience throughout its service period this second stage research was conducted and the this paper is reporting the findings. Hence following objectives were identified for further investigation within this research project:
 To identify if AV content varied significantly in a small reinstatement, pairs of cores were collected by two different independent laboratories from different reported failed (in terms of AV compliance) reinstatement sites;
 To collect and review information from utility undertakers and contractors relating to in-situ performance of the reinstatement that previously reported failed (in terms of AV compliance) by the Highways Authority. The comparison sites for coring were selected in such a way that a range of road categories as well as differentials in degrees of failure from minor to extensive were examined. The comparison cores were all taken in close proximity (within 100 mm) to ensure that both cored test sites had been similarly compacted with similar (almost identical) material. In-situ performance of a number of reinstatements (footway and carriageway) of varying ages and varying only non-compliant AV contents were visually inspected by the respective undertakers/contractors and evidence were collated.
Uncertainty and reliability of AV content testing in hand laid reinstatement
The general approach to evaluating and expressing uncertainty in testing outlined in UKAS publication reference 12 (United Kingdom Accreditation Service, 2000) was based on the recommendation produced in the guide by the International Bureau of Weights and Measures (BIPM et al., 2008) . Providing a measure of uncertainty that defines an interval about the measurement result that may be expected to encompass a large fraction of the distribution of values that could reasonably be attributed to the measurand was stated in this guide. Moreover, the general requirement for the estimation and reporting of uncertainty of measurement by all accredited laboratories has been specified with the implementation of the International Standard ISO/IEC 17025 (Birch, 2003) , encompassing a number of influence quantities that affect the result obtained for the measurand in the case of uncertainty evaluation process.
To quantify the agreement and reliability of measurements made by any particular method or observer/s, a repeatability and reproducibility study of that measurement should be investigated (Bartlett and Frost, 2008) . The repeatability and reproducibility interval for testing air voids content has been specified in the Standard BS EN 12697-8 (European Committee For Standardization, 2003) by multiplying the respective standard deviation with 2.77. It is similar to the statistical estimate of a 95% confidence interval for the difference between two readings stated by ASTM Standard (Ullman, 2009) . Based on this, the reproducibility statement for single coring results on identical test material reported by two laboratories, the air void contents should differ by no more than 2.2% on average on 95% of occasions (British Standards Institution, 1987, Bartlett and Frost, 2008) .
To investigate reproducibility, five sites (C1 to C5) were selected from an undertaker's reinstatement where cores were taken by three UKAS accredited laboratories. The locations of the cores have been shown in Figure 1 to Figure 3 . In order to keep the name of the laboratory performing the testing anonymous, the three test houses were named as Lab A, Lab B and Lab C. During this test, the maximum density was determined in accordance with EN 12697-5 (procedure A) and the bulk density was determined in accordance with EN12697-6 (procedure C) in all laboratories. The details of the test results have been shown in Table 1 . 
Site C4
The wide variation of results relating to bulk and maximum densities as well as layer depths obtained from three cores (located approximately 100 mm apart) are evident from Table 1 , although the three test houses followed the same Standards and procedure stated in SROH.
Figure 4:
The relation between AV content and layer depth variation
In order to understand the extent of variation between pair of core results, a statistical tool "paired sample T-Test" was used. The paired sample test results of Lab A-B, Lab B-C and Lab C-A have been shown in Table 2 -4 respectively. It is evident from the t-test results that, statistically significant, p<0.05 (p = 0.005 and 0.006, t = 4.75 and 4.58) differences of measured air void were revealed in the case of core results of Lab A-B and Lab A-C when compared. Furthermore, the 95% confidence interval of the difference lies in the range of 3.6% to 12.3% and 2.9% to 10.3% respectively (as shown in Table 2 and 3) . However, nonsignificant, p>0.05 (p=0.342, t = 1.05) difference together with a lower range of the 95% confidence interval of the difference was reported in the case of Lab B-C (Table 4 ). Figure 4 illustrates no recurring correlation was exists between the variation of layer depth and corresponding air void content. This intensifies the significance of the reliable difference values that were observed in the t-test analysis for core results of Lab A-B and Lab A-C. In order to make the analysis more assured and representative, further a total of 68 pairs of comparison cores were taken (including the above 5 sites) from the reinstatements constructed by different undertakers within different parts of the country following the same procedure stated above. In this case, comparisons were made between the cores taken by Lab A (same as above) and those taken by different laboratories (here termed as Lab X). The distribution of differences of AV content between the two laboratories in 68 reinstatement sites was found to be approximately normal as shown in Figure 5 . The repeatability and reproducibility interval for testing AV content has been specified in the Standard BS EN 12697-8 (European Committee For Standardization, 2003 ) is similar to the statistical estimate of a 95% confidence interval for the difference between two readings stated by ASTM Standard (Ullman, 2009 ). Based on this, the reproducibility statement for single coring result on identical test material reported by two laboratories should differ by no more than 2.2% on average on 95% of occasions (British Standards Institution, 1987, Bartlett and Frost, 2008) . However, in practice, acceptance (pass or fail against SROH AV content requirement) are evaluated based on the result from single core. The data from a t-test analysis of the all 68 pairs of cores has been recorded in Table 5 . A closer examination to the "paired sample T-Test" among the pairs taken from 68 different sites reveals that, not only statistically significant (T = 6.7 and p = 0.000) difference between the AV content measured by two laboratories exists, but also the range of difference at 95% confidence level lies between 2.3% to 4.3%.This wide range exceeds the 2.2% reproducibility limit set by the British Standard. Moreover, acknowledging the proficiency relating to coring and testing procedures of the UKAS accredited test houses in this research, the extremely low intra-class correlation coefficient from reliability analysis (as shown in Table 6 ) of 68 pairs of air void content results inevitably indicates the poor reliability of the coring method. In order to assess agreement between the measurements and presence of any bias within the reported AV content results produced by two test houses, a Bland-Altman plot was conducted.
The Bland-Altman plot (Altman and Bland, 1983) and analysis is used to compare two measurements of the same variable and is a commonly referred method of comparison technique (Bartlett and Frost, 2008) . The Bland-Altman plot of the AV content results from two independent laboratories has been shown in Figure 5 . The solid green line indicates the mean of the paired differences (Lab A -Lab X) of air void content (3.36%) and its distance from zero provides the amount of bias between the two laboratories. The variability of the differences between the results of two laboratories indicates how well the method of assessment by AV content agrees. The limits of agreement give a range within which 95% of future differences in measurements between two core results by two different laboratories would be expected to lie. The limits of agreement in this study were found to be in the range of -4.73% to 11.45% (mean difference ± 1.96x SD of differences). So, AV content measured by laboratory A may be 4.73% below or 11.45% above laboratory X on 95% of occasions in future (represented by dashed lines in Figure 6 ). Density plays a very important role in air void content calculation and a small change in bulk and/or maximum density values affects the AV content significantly. Variations in the maximum and bulk densities between two specimens, which may be reasonably considered
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as the same (100 mm apart in this case) should rarely if ever occur and if they do they should be such a minimal amount that they do not impact on the integrity of the test results. However, it was revealed in this research that, in the case of algebraic difference of measured densities between two test houses, the Lab A measured maximum density values were higher than Lab X for the same parameter in 88% of cases, whereas in 72% of cases, Lab A measured bulk density values were lower than Lab X (as shown in Table 7 ). It was also observed that the differences (Lab A-Lab X) of densities were not compensating each other when total 68 sites were considered. As a consequence of this compounding difference of densities, a statistically significant difference between the AV content measured by two laboratories was revealed in a t-test analysis and the amount of bias in Bland-Altman analysis was in accordance with this finding. However, as both test houses were UKAS accredited and followed the same procedures stated in the relevant British standards and SROH, the absolute difference between each pair (locating 100 mm apart) were measured as shown in Table 7 . Furthermore, applying "Microsoft Excel Data Solver" tool was employed to investigate the sensitivity of the results obtained from 68 sites summarised in ) increase of bulk density was used during the AV content sensitivity (nearest to one decimal place) test and the following sensitivity were reported:  Only 0.100 Mg/m³ decrease of maximum density decreases AV by 3.6%  Only 0.100 Mg/m³ increase of bulk density decreases AV by 4.0%  Combined, 0.066 Mg/m³ decrease of maximum density and 0.057 Mg/m³ increase of bulk density , decreases AV by 4.7% 
.1)."
Though, the following note has been quoted concerning the compaction of asphalt materials in BS 594987:
"End result compaction is more appropriate for machine-laid work on major road contracts" (clause 9.1).
According to SROH A2.0, the reinstatement work in footways and carriageways is considered to be carried out in confined or restricted areas. Hence, it is highly anticipated that, due to the method and nature of utility reinstatement construction (transportation from plant, unloading, laying and compaction in restricted areas), the homogeneity of the asphalt mixtures is likely to be distorted and as a consequence resulting maximum density will be varied within the reinstatement. The wide-ranging maximum density (average difference = 0.0481 Mg/m 3 ) reported in every instance in the above comparison pair coring experiments also meaningfully rationalizes the distorted homogeneity of materials. Material homogeneity was also specified as main criteria to consider a spot sample as average sample in relevant British Standards (European Committee For Standardization, 2001) . Although not only maximum density but also bulk density of adjacent cores located only 100 mm apart were found to be varied in the case of every pair (average difference = 0.0474 Mg/m 3 ) in this study. So it can be stated that within a pair of adjacent cores, the variation of maximum density originates from the distorted material homogeneity whereas, due to intrinsic biasness within the bulk density testing procedure in the relevant Standard, the bulk density diverges from each other.
The lack of material homogeneity is very unlikely in the case of any machine-laid asphalt work on major construction. Therefore, appropriateness relating to the compliance assessed only by measuring in-situ AV content using the material and method of construction quoted in the SROH is not justified. Moreover, the use of air voids content requirement and associated testing regime for recipe mixed hand laid reinstatement works is acknowledged to be not totally suitable in the relevant British Standard due to service load (footways), scale of work (utility reinstatement), nature of construction (hand laid) and material used (recipe mixed).
Hence, at 95% level of significance, there exists enough evidence to conclude that, due to high uncertainty, very low repeatability and reproducibility and poor reliability with high chances of bias, the assessment of hand laid reinstatement work by AV testing will expose both the contractor and the client to unacceptable risk.
In-situ performance of non-compliant AV reinstatement
In-situ performance of a number of reinstatements (footway and carriageway) of varying ages and varying only non-compliant AV contents were visually inspected by the respective undertakers/contractors across five various parts of the country (as shown in Figure 8 ) and reports were collated. The samples were selected at random and include reinstatements with air voidage in the range of 14.4% to 25.9% and in-situ performance life was in the range of 1.5 years to 10 years. During this range of assessment period, the UK experienced various extreme weather events including record rainfall, flood, wettest winter, record low temperatures, exceptionally heavy snow fall and warmest month on record (Met Office, 2015) .
Evidence was collated from approaching 50 sites across various areas of the country and no visual failures were recorded that would have breached the performance tolerance permitted by section S2 of SROH. Moreover, in many instances the reinstated area was performing better than the surrounding highway and none of the reinstatements were found to be inferior in any respect to the condition of the adjacent surface. Three typical visual in-situ assessments have been shown in Figure 9 and the location of the reports are available from all assessments, as are the associated UKAS air void testing certificates (from the original core tests). Hence the resilience shown during this in-situ performance assessment by these noncompliant reinstatements across the country in service performance against ageing, weathering, oxidation, wear and different extreme environmental loading predictably indicates that either the linkage between the reinstatement with non-compliant AV and its impact on footways durability is non-proven or the reported AV content is extremely over estimated. 
UKAS Position Statement
Based on the above findings, this research forwarded a letter to the Technical Advisory Committee for Construction Industry in UKAS requesting their thoughts on the issues outlined above with focus on the inconstancies highlighted within UKAS accredited providers. Accordingly a two team delegate from UKAS visited Liverpool John Moores University on 14th January 2016 and the research team shared the research findings as stated in this report above. After the discussion on the above findings from this research, the UKAS Technical Advisory Committee provided the following statement focusing the unreliability of air void testing for reinstatement works: (Giles and Chapman, 2016) .
Conclusion
The comparison pairs of cores (each 100mm apart) from 68 reinstatements sites from various parts of the UK revealed that, the compounding consequences of generic non-homogeneous characteristics of hand laid recipe mixed materials and high likeliness of being biased during AV testing makes the coring method extremely unreliable with very low repeatability and reproducibility. The position statement provided by UKAS technical committee (as reported in the previous section) also absolutely in accordance with the above findings (distorted homogeneity of hand laid recipe mixed material).
Furthermore, the in-situ performance shown by from 50 reinstatements after experiencing 1.5 years to 10 years real life aging from various parts of the UK predictably indicates that either the linkage between the reinstatement with non-compliant AV and its impact on footways durability is non-proven or the reported AV content is extremely over estimated. The resilience shown by the non-compliant AV content reinstatement to withstand structural loading as well as extreme environmental loading beyond the guarantee period across the country validates the above finding.
It is envisaged that numerous reinstatements will have to be reworked based on an assessment method which is itself not only unreliable but also suffering from non-compliant precision relating to the British Standards. The revealed inherent embedded biasness as well as unreliability of current assessment method of SROH, for a hand laid bituminous work where non-homogenous materials are likely, situating both the contractor and the client at unacceptable risk and costing utilities, contractors and the community without any additional benefit in performance.
A specification should be realistic, practical, and sustainable and be able to predict performance. The current specification for a hand laid recipe mixed material based upon coring for air void content, fails on all of these basic requirements. It could lead to a very wide range of unpredicted outcomes, putting both the contractor and the client at unacceptable risk.
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